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Description 

[00011 This invention relates to a process for preparing a catalyst. In particular, trie l™^/^**? 1 ^*" 
preparing a catalyst which Is efficient in converting alkanee to unsaturated aldehydes and earboxyOc acids, a catalyst 
s prepared from the process, and a process for preparing unsaturated aldehydes and carboxyhc acids using the catalyst 
foOW Unsaturated aldehydes and carboxyllc acids are important commercial chemicals. Of particular importance 
5 <me!h)acry1lcac,d.Theh W 

as a monomer which may be poVmerlzed alono or with other monomers to produce commeroally important polymers. 
Sirunitd acids are also useful as a starting material for esterilication to produce commercially important 

,o meth)acrylato esters. Materials derived from (meth)acrylic add or eslers of (meth)acryl,c acids 
iheatsand parts, paints and other coatings, adhesives. caulks, sealants, and detergents as ^ » 
roooai The production of unsaturated carboxylic acids by oxidation of an olefin is well known in the art. Acrylic acid, 
lor instance, may be commercially manufactured by the gas phase oxidation of propylene. It is also known that un- 
saturated carboxyllc acids may also be prepared by oxidation of alkanes. For Instance, acrylic acid may be P'«pa/°d 

is S the oxidation of propane. Such a process is especially desirable because alkanes generally have a tower cost than 
olefins, f-ot example, at the time of tiling this application propylene costs approximately three times more than propane 
A suitable process for the oxidation of alkanes to unsaturated aldehydes or carboxyllc acids which is commercially 

viable has yet to be achieved. , , »n,„-„ 

[0004] One impediment for the production of a commercially viable process tor the catalytic oxidation ol an alkane 

20 to an unsaturated carboxylic acid is the identification ol a catalyst having adequate conversion and suitable ^l^'™* 
thereby providing sufficient yield of Hie unsaturated carboxylic acid end-product. United Statae Patent No 5,3BD,933 
discloses a method for preparing a catalyst useful in the gas phase oxidation of an alkane to an unsaturated carboxylic 
ecid In the disclosed method, a catalyst was prepared by combining ammonium metavanadate, telluric acid and am- 
monium paramolybdate to obtain a uniform aqueous solution. To this solution was added ammonium niobium oxalate 

25 io obtain a slurry. The water was removedf rom the slurry to obtain a solid catalyst precursor. The solid catalyst precursor 
was molded Intoa tablet, sieved to a desired particle size and then calcined at 600»C undara nitrogen streamto obtain 

the desired catalyst. : . „„ 

roooS] The resulting catalyst was asserted to be effective to convert propane to acrylic acid. However, as *nown 
herein, the present Inventor was unable to reproduce the asserted results using the preparation method ofthe 9 33 

30 patent. While not wishing to be bound by theory, it is believe mat the poor pertomiance of the prior art method of 933 
results from compositional or phase segregation of the component elements of the catalyst, e.g., In the slurry between 
solid and liquid phases and during calcining between the gas and various solid phases. The present inventor has now 
discovered a process for preparinq a catalyst for catalyzing an alkane into an unsaturated aldehyde or carooxylic acid 
wherein phase segregation is minimized and improvement in selectivity, conversion, and yield are achieved. 

as moos) In one aspect of the present invention, there is provided a process for preparing a catalyst including: (A) 
admixing metal compounds, at least one of which le an oxygen containing compound, and at least one solvent to form 
a solution- (B) removing the solvent from the solution to obtain a catalyst precursor and (C) calcining the catalyst 
precursor at a temperature from 350-C to 850 4 C under an inert atmosphere to form a catalyst having the formula 

40 I; A.M m N n X x O 0 

wherein 0 25<a<0 98, 0.003<m<0.5, 0.003<n<0.5. 0,003<x<0.5. and o is dependent on the oxidation state ofthe other 
elements, and A is selected from Mo. W. Fe. Nb. Ta, Zr. Ru. and mixtures thereof; M is selected from V. Ce. Cr and 
is mixtures thereol; N is selected from tte. Bi. Sb. Se, and mixtures thereol; and X is selected Irom Nb. Ta. W. Tl, Al. z;r. 
Cr. Mn. Fe. Ru, Co. Rh, Ni. Pd, Pi, Sb. Bi, B. In, Ce, and mixtures thereof. 

[0007] In a second aspect of the present Invention, there is provided a process for preparing a catalyst including. 
(A) admixing metal compounds, al least one of which is an oxygen containing compound, and water to form an ao ueous 
solution: (B) removing the water from the aqueous solution to obtain a catalyst precursor: and (C) calcining the catalyst 
so precursoratatemperaturefrom400°Clo900°C underan inert atmosphere, wherein the Inert atmosphere is not flowing 
over the catalyst precursor, to form a catelyst having the formula 

A a M ffl N„X x 0 0 



ss 



wherein 0 35<a<0.B7. 0.045<m<0.37, 0.020<n<0.27, 0.005<x<0.35. and o is dependent on the oxidation state of the 
other elements, and A is selected from Mo. W. and mixtures thereof: M Is selected from V. Ce, Cr. and mixtures thereof: 
N is selected from Te. Bi. Sb, and mixtures thereof; and X Is selected from Nb. Ta, Zr, and mixtures thereof. 
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[0008] In a third aspect, the present invention provides a catalyst including a compound of the formula: 

a m n x o 

5 

wherein 0.25<a<0.98. 0.003<m<0.5, 0.003<n<0.5. 0.003<x<0.5, and o is dependent on the oxidation state of the other 
elements, and A is selected from Mo, W, Fe, Nb. Ta. Zr. Ru, and mixtures thereof: M is selected from V, Ge, Cr, and 
mixtures thereof: N is selected from Te, Bi, Sb, Se. and mixtures thereof: and X is selected from Nb, Ta, W, Ti, Al, Zr. 
Cr. Mn. Fe.. Ru, Co. Rh. Ni. Pd. Pt. Sb. Bi. B. In. Ce, and mixtures thereof: wherein said catalyst has a surface area of 

10 from 2 to 10 m 2 /g as determined by the BET method. 

[0009] In additional aspects of the present invention, there is provided a catalyst prepared by the processes for 
preparng a catalyst of the present invention and processes for preparing unsaturated aldehydes or carboxylic acids 
includ : ng subjecting an alkane to catalytic oxidation in the presence of a catalyst prepared according to the process 
for preparing a catalyst of the present invention. 

15 [0010] Figure 1 depicts a scanning electron micrograph (SEM) of catalyst formed according to Example 1. 

[0011] Figure 2 shows that the catalyst calcined under air (Example 3) has larger crystals than the catalyst formed 
under argon. The catalyst calcined under air also has a smooth surface and is less porous than the catalyst formed 
under argon. 

[0012] As used herein, the expression u (meth)acrylic acid" is intended to include both methacrylic acid and acrylic 
• 20 acid within its scope. In a like manner the expression "(meth)acrylates" is intended to include both methacrylates and 
acrylates within its scope. 

[0013] As used herein the terminology n (C 3 -C 3 ) alkane" means a straight chain or branched chain alkane having 
from 3 to 3 carbon atoms per alkane molecule. 

[001 4] As used herein the term "mixture" is meant to include within its scope includes all forms of mixtures including, 

25 but not limited to, simple mixtures as well as blonds, alloys, etc. 

[001 5] For purposes of this application "% conversion" is equal to (moles of consumed alkane/moles of supplied 
alkane) X 100; "% selectivity" is equal to (moles of formed desired unsaturated carboxylic acid or aldehyde/moles of 
consumed alkane) X 100: and "%yield" is equal to (moles of formed desired unsaturated carboxylic acid or aldehyde/ 
moles of supplied alkane) X (carbon number of formed desired unsaturated carboxylic acid or aldehyde/ carbon number 

30 of the supplied alkane) X 100. 

[0016] For purposes of this application by "solution" is meant that greater than 9 t 5 percent of metal solid added to a 
solvent is dissolved. It is to be understood that the greater the amount of metal solid not initially in solution, the poorer 
the performance of the catalyst derived therefrom will be. 

[0017] As recited above, a process for preparing a catalyst is disclosed In a first step of the process a solution is 
35 formed by admixing metal compounds, at least one of which contains oxygen, and at least one solvent in appropriate 
amounts to form the solution. Generally, the metal compounds contain elements A, M, N, X, and O. In one embodiment, 
A is selected from Mo. W, Fe, Nb, Ta, Zr, Ru and mixtures thereof: M is selected from V, Ce, Cr and mixtures thereof: 
N is^elected from Te, Bi, Sb, Se and mixtures thereof: and X is selected from Nb, Ta, W, Ti. Al, Zr, Cr, Mn, Fe, Ru, Co, 
Rh, Ni, Pd, Pt,.Sb, Bi, B : In, Ce and mixtures thereof. In a preferred embodiment, A is selected from Mo, W and mixtures 
40 thereof: M is selected from V, Ce, Crand mixtures thereof: N is selected from Te. Bi, Sb and mixtures thereof: and X 
is selected frorn" Nb, Ta. Zr, and mixtures thereof. In a more preferred embodiment, A is Mo, M is V, N is Te and X is Nb. 
[0018] Suitable solvents include water, alcohols including, but not limited to, methanol, ethanol, propanol, and diols 
etc, as well as other polar solvents known in the art. Generally, water is preferred. The water is any water suitable for 
use in chemical synthesis including, without limitation, distilled water and deionized water. The amount of water present 
45 is that amount sufficient to keep the elements substantially in solution long enough to avoid or minimize compositional 
and/or phase segregation during the preparation steps. Accordingly, the amount of water will vary according to the 
amounts and solubility ol materials combined. However, as stated above the amount of water must be sufficient to 
insure an aqueous solution is formed and not a slurry at the lime of mixing. 

[0019] Once the aqueous solution is formed, the water is removed by any suitable method known in the art to form 
so a catalyst precursor. Such methods include, without limitation, vacuum drying, freeze drying, spray drying, rotary evap- 
oration, and air drying, vacuum drying is generally performed at pressures ranging from 10 to 500 mm/Hg. Freeze 
drying typically entails freezing the solution, using for instance liquid nitrogen, and drying the frozen solution under 
vacuum. Spray drying is generally performed under an inert atmosphere such as nitrogen or argon, with an inlet tem- 
perature ranging from 125°C to 200°C and an outlet temperature ranging from 75°C to 150°C. Rotary evaporation is 
55 generally performed at a bath temperature of from 25°C to 90°C and a pressure of from 10 mm/Hg to 760 mm/Hg, 
preferably at a bath temperature of from 40°C to 90°C and a pressure from 10 mm/Hg to 350 mm/Hg, more preferably 
from 40°C to 60°C and a pressure of from 10 mm/Hg to 40 mm/Hg. Air drying may be occur at temperatures ranging 
from 25 3 C to 90°C. Rotary evaporation or air drying are generally preferred. 
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r0020] Once obtained, the catalyst precursor la calcined under an inert atmosphere. The inert atmosphere may be 
any material which is substantially inert, I a., docs not read or interact with, the catalyst precursor. Suitable examples 
include, without limitation, nitrogen, argon, xenon, helium or mixtures thereoi. Preferably, tho inert atmosphere is argon 
or nitrogen, more preferably argon. The inert atmosphere may flow over the surface ol the catalyst precursor or may 

s not flow (a static environment). It is important to understand that by non^ftow atmosphere js meant that the Inert gas 
is not allowed to flow over Ihe surface of the cataVst precursor. It Is preferred that the inert atmosphere not flow ever 
the surface ol Ihe catalyst precursor. However, when the inert atmosphere does flow over the surface of ihe catalyst 
precursor, the flow rate can vary over a wide range . for examplo, at a space velocity from 1 to SO0 br _ 
[0021] The calcination is typically done at a temperature of from 350'C lo 850°C. prelcrably from 400'C to 700 C. 

w more preferably from 500°C to 6&0'C. The calcination is typically performed for an amount of time suitable to form the 
catalyst. In one embodiment, tho calcination is performed from 0,5 lo 30 hours, preferably from 1 to 25 hours and mere 
preferably from 1 lo 15 hours. 

[0022] With calcination a catalyst Is formed having the formula 
,s A M N X O 

wherein A, M N, and X are as described above Molar ratios, a, m. n. and x are typically, from 0.2S<a<0.98. 
0.003<m<0.5. 0.003<n<0.5. and 0.003<x<0.5: prefarably o.35<a<:O.B7. 0.045<m<0.37, 0.020<n<0.27. and 

so 0.005<x<0.3S. , , ,„ , ^. r 

[0023] The molar ratio, o i.e.. Ihe amount of oxygen (O) present, is dependent on the oxidation state of the otnor 
elements In the catalyst However, typically o is from 3 to 4.7. based on the other elements present in the catalyst. 
[00241 Another aspect of the present InvenUon Is a catalyst for manufacturing an unsaturated aldehyde or a carboxyllc 
acid from an alkano prepared by the process of the present invention. The catalyst is prepared as described above. 

ss The catalyst may bo used aa a solid catalyst alone or may be utilized with a suitable support such as. without limitation, 
silica, alumina, titania, alumlnosilicate, dlatomaceous earth, or zlrconia. The ahape of the catalyst can be any 
shape and will depend upon the particular application of the catalyst In a like manner, the particle size of the catalyst 
may ba any suitable particle size depending on the particular use of the cataVst 

[002S] A further aspect of the present invention is a process for preparing an unsaturated aldehyde and a carboxylic 
30 acid including subjecting an alkane to catalytic oxidation in the presence of a catalyst prepared according to the present 

invention. hh 
[0026] The starting materials are generally an alkane gas or gases and an at least one oxygen containing gas. it is 
praf erred that the starting materials also include steam. Accordingly, a starting material gas is supplied to the system 
which includes agas mixture of at least one alkane and steam. The at least one oxygen- containing gas may belncluded 

as in this mixture or be supplied separately. Furthermore, a diluting gas such as an Inert gas including, without limitation, 
nitrogen, argon, helium, steam, or carbon dioxide may also be Included. The diluting gas may be used to dilute the 
starting material and/or to adjust the spaco velocity, the oxygen partial pressure, and the steam partial pressure. 
[0027] Suitable molar ratios of the alkane/oxygen/diluting gas/water In the starting material gas mixture are known 
in ihe an as well as ihe feed ratio of alkane/alr /steam. For Instance suitable ranges are diaclosed In U.S. Patent No. 

40 5 380 933 

[0028] The starting material alkane is generally any alkane suitable for gas phases oxidation into an unsaturated 
aldehyde or carboxylic acid Generally, the alkane Is a C r C Q alkane. prerarably propane, Isobutane or n-butane, more 
preferably propane or isobutane, most preferably propane. Furthermore, in another embodiment the alkane may be a 
mixture ol aJKanes including C 3 -C 8 alKancs as well as lower alkanes such as methane and ethane. 
45 [0029] "Hie at least one oxygen-containing gas used may be pure oxygen gas, an oxygen containing gas such as 
air t an oxygen enriched gas, or a mixture thereof. 

[0030] In a pre/erred embodiment, the starting material is a gas mixture ot propane, air, and steam. The starling gas 
mixture is subjected to catalytic oxidation in tho presence of the catalyst of the present Invention. The catalyst may be 
in a fluldlzed bed or a fixed bed reactor. Tho reaction is generally conducted under atmospheric pressure, but may be 
so conducted under elevated or reduced pressure. The reaction temperature Is generally from 200»C to 550* C, preferably 
300"C to 480>C, more preferably 350"C to 440'C, The gas space velocity is generally 100 to 10,000 hr 1 , preferably 
300 to 6,000 hr 1 , more preferably 300 to 3,000 hr 1 . 

[0031] Also in the method of the presont invention It is to be understood that an unsaturated aldehyde may also be 
formed For instance when propane is the starting alkane. acrolein may be formed and when isobutane is the starting 
bs alkane, methacrolein may be formed. 

[0032] Abbreviations used throughout this application are: 
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°C ~ degrees Centigrade 


mm - millimeters 


Hg = Mercury 


g = grams 


cm = centimeters 


mmolc = millimolcs 


% = percent by weight 


ml/min = milliliters per minute 




N 2 = nitrogen 
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[0033] The following examples illustrate the process of the present invention. Based on the amount of starting material 
used, if there was no compositional segregation, or there was no loss of certain elements during the preparation steps, 
all of the catalyst samples prepared as follows should have an empirical formula of Mo 1 V 0 3 Te 0 23 Nb 0 10 . 0 12 O n where 
n is determined by the oxidation state cf the other elements. The solutions or slurries containing the desired metal 
elements were prepared by heating the appropriate compounds in water at a temperature ranging from 25 3 C to 95°C. 
When necessary., the solutions or slurries were cooled to temperatures ranging from 25'C to S0°C. The water was 
then removed from the solutions cr slurries by the appropriate drying method at pressures ranging from 760 mm/Hg 
to 10 mm/Hg. 

Example 1 

Catalyst Precursor Solution Dried By Rotary Evaporation And Calcined Under Argon. Non-Flow Atmosphere. 

[0034] In a flask containing 420 g of water, 25.7 g of ammonium heptamolybdate tetrahydrate (Aldrich Chemical 
Company). 5. 1 g of ammonium metavanadate (Aldrich Chemical Company) and 7.7 g of telluric acid (Aldrich Chemical 
Company) were dissolved upon heating to 80 a C. After cooling to 39°C, 114.6 g of an aqueous solution of niobium 
oxalate (Reference Ivletals Company) containing 17.34 mmole of niobium was mixed to obtain a solution. The water 
of this solution was removed via a rotary evaporator with a warm water bath at 50°C and 28 mm/Hg to obtain 44 g of 
precursor solid. Twenty g of the catalyst precursor solid was calcined in a covered crucible pre-purged with argon, non- 
flow environment at 600°C for 2 hours. The oven had previously been heated to 200°C and held for one hour, then 
ramped to 600°C. During the calcination, the covered crucible was in a covered beaker with an Ar space velocity of 
57 hr 1 Because of the covered crucible, the argon did not flow over the precursor surface, but rather served to insure 
that the atmosphere outside the crucible remained argon. The atmosphere inside the crucible remained argon and off 
gasses from the catalyst. The catalyst thus obtained was pressed in a mold and then broken and sieved to 1 0-20 mesh 
granules. Ten g of the granules were packed into a 1 .1 cm inside diameter stainless steel U-tube reactor for gas phase 
propane oxidation. The oxidation was conducted with a reactor bath (molten salt) temperature of 390*C, a feed ratio 
of propane/air/steam of 1/15/14, and a space velocity of 1.200 hr 1 . The effluent from the reactor was condensed to 
separate the liquid phase (the condensable material) and the gas phase. The gas phase was analyzed by gas chro- 
matography ("GC") to determine the propane conversion. The liquid phase was also analyzed by GC for the yield of 
acrylic acid. The results are shown in Table 1. The catalyst was also analyzed by x-ray dilfractton to determine its 
crystalline structure. The results are shown in Table 5. The catalyst surface was also analyzed by scanning electron 
microscopy. The results are shown in Figure 1 . Figure 1 shows that the catalyst formed according to Example 1 is very 
porous. The BET surface area was determined to be 5.23 m 2 /g. 

Example 2 

Catalyst Precursor Solution Dried By Rotary Evaporation And Calcined Under Nitrogen. Non-Wow Atmosphere. 

[0035J Forty-three grams of catalyst precursor was prepared in the same manner as Example 1 . Twenty-one g of 
the catalyst precursor solid was calcined in a covered crucible pre-purged with nitrogen, non-flow environment at 600°C 
for 2 hours. During the calcination, the crucible was placed in a covered beaker with a nitrogen space velocity of 57-283 
hr 1 . The catalyst thus obtained was pressed in a mold and then broken and sieved to 10-20 mesh granules. Twelve 
g of the granules were packed into a 1.1 cm inside diameter stainless steel U-tube reactor for gas phase propane 
oxidation. The oxidation was conducted with a reactor bath temperature of 390°C, a feed ratio of propane/air/steam 
of 1/1 5/16. and a space velocity of 1 ,555 hr 1 . The effluent from the reactor was condensed to separate the liquid phase 
and the gas phase. The gas phase was analyzed by GC to determine the propane conversion. The liquid phase was 
also analyzed by GC for the yield of acrylic acid. The results are shown in Table 1 . 



55 
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Example 3 

ggteflgl PrecurssLSeMsn ™«* B v p~r»n, dotation And Calcined Under Aft Flo* Atmosphere. 

rooasi Twentv a of catalyst precursor solid from Example 1 was calcined under air at 600"C for 2 hours. The catalyst 
Sus ob^Ts pres^dTna moSand then broken and sieved to 10-20 mesh oranu.es. Ton % , of the 9-u.eswero 
«u*ad into a 1 1 cm inside diameter stainless steel U-tuho reactor tor gas phase propane oxriation. The oxidation 
wee «nd wtuTa ro£tor eTth tempeiature of 390-C. a feed ratio of propane/aij/steem of ^* <£~ 

velocTv of 1 200 hri The effluent from the reactor was condensed to separate the Uquid phase and the ga i phase_ 
^cls Phase was anXed by GC to determine the propane conversion. The liquid phase was also ana^zed by GC 
tor ih? vidd of acrylic a^ The results are shown in Table 1. The catalyst was also analyzed by x-ray drffracl.cn to 
e ^ 

electron microscopy. The results arc shown in Figure 2. The BET surface area was determ,ned to be 0.87 m* /g. 



10 



20 



25 



15 Example 4 

naMysr Precursor Solution Air Dried And Calcined Under Amen. Non-flow Atmosphere. 

roo37] Following the same procedure as Example 1 . a solution containing Mo. V. Te and Nb was prepared. The 
En was poured into a container with a large flat bottom. The solution gelled and dned ^^^^ 
pressure and ambient temperature. A catalyst precursor solid was obtained and calcined .n the 
ample t Eleven g of the granules thus obtained were packed Into a 1 .1 cm Inside diameter stainless steel U-wbe 
Reactor tor gas P 4se propane oxidation. The oxidation was conducted wilh a reactor bath temperature of 391 C a 
eed nito of^^e/afr/steam of 1/15/14. and a space veloohy of 1.200 hf. The effluent from the reactor was con^ 
densS to i the liquid phase and the gas phase. The gas phase was analyzed by GC to detem^c propane 
conversion. The liquid phase was also analyzed by GC tor the yield of acrylic acid. The results are shown .n Table 1 . 

Examples 

30 catalyst Precursor ftlnrry Dried Bv Rotary Evaporat i on And Calcined Under Argon. Non-Flow Atmosphere. 

[0038] in a flask containing 650 g of water, 158 g of ammonium heptamolybdate tetrahydrate. 31^ ^™ 
metevanadate and 47.2 g of telluric acid were dissolved upon heating to 85'C. After cooling to a 45 C soluUorv 814 g 
of an^eSe solution of niobium oxalate contalnlnB 111 mmole of niobium was added to the , HMb ^SJI 
1 ?1o g of a slurry. One-quarter of the slurry was placed in a rotary evaporator with a warm water bath o <™™""™ 
as in Example 7) which resulted In 67 g of catalyst precursor solid. Twenty-six g of the precursor solid was cata.ned 
Tm5S£*l TenV.^nmant at 600*0 for 2 hours (as in Exampie 1). The catayet ;*»<^^ 
a mo.dand.then broken and sieved to 10-20 mesh granules. Some of the *™>" ^ ™* J?S 
inside diameter stainless steel U-tube reactor for gas phase propane oxidation. The oxidation was conducted at a 
389-C reactor bath temperature, afeed ratio of propane/air/steam of 1/1571B. and a space velocity of ^ The 
effluent from the reactor was condensed to separate the llquW phase and the gas ^^^S 
by GC to determine the propane conversion. The liquid phase was also anatyzed by GC for the yield of 
The msL ere shown In Table 1. The catalyst and catalyst precursor were analyzed by Inducuvely Coupted Ptesma 
Atomic F.m,ssion Spectrometry (-.CP-AES') for Te. Mo. V. and 1Mb contenL The results are *°wn^ Tabtes 2 and a 
Thecatalyst wasalso analyzed byx-raydiftractlon to determine its crystalline structure. The results are shown in Table 

5. 



as 



40 



as 



Example 6 

SO QsMSL Precursor Slum, Dried Bv R a *n, Fvaaoration And CaMned Under Nffroqcn, Fto* Atmosphere , 

[00391 Twenty-five g of the same catalyst precursor solid of Example 5 was calcined in a quartz ^ teinati ^ f '^. k ^ 
a nitrogen space velocity of 780 hr- at 600"C for 2 hours. The catalyst thus obtained was pressed « amold and then 
broker Tand sieved to 10-20 mesh granules. Fourleengof the granulee wore packed inloacmlns.dodiame^stainless 
ss stee^-tobs eactcrfor gas phase propane oxidation. The oxidation was conducted at a 389-C reactor bam ternper- 
a Si a tlX of 1/1*11 and a space velocity of 1.241 hri. The effluent f^ th^^or 
was condensed to separate the liquid phase and the gas phase. The gas phase was analyzedby GC to M *• 
propane conversion The liquid phase was also analyzed by GC for the yield of acrylic acid. The results are shown m 
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Table 1. The catalyst was analyzed for Te content by ICP-AES. The results are shown in Table 2. 
Example 7 

5 Catalyst Precursor Slurry Dried By Freeze Drying And Calcined Under Argon. Non-Flcw Atmosphere. 

[0040] Two hundred ninety g of the slurry prepared in Example 5 was frozen drop by drop in a liquid nitrogen bath, 
then vacuum dried to obtain 43 g of powder solid. Twenty-seven g of the catalyst precursor solid was pressed in a 
mold and then broken and sieved to 10-20 mesh granules, then calcined in an argon, non-flow environment at 500 3 C 

io for 2 hours. The catalyst thus obtained was sieved to 10-20 mesh again to obtain a granule sample. Fifteen g of the 
granules were packed into a 1.1 cm inside diameter stainless steel U-tube reactor for gas phase propane oxidation. 
The oxidation was conducted at a 389°C reactor bath temperature, a feed ratio of propane/air/steam of 1/15/16. and 
a space velocity of 1,2S6 hr 1 . The effluent from the reactor was condensed to separate the 'quid phase and the gas 
phase. The gas phase was analyzed by GC to determine the propane conversion. The liquid phase was also analyzed 

is by GC for the yield of acrylic acid. The results are shown in Table 1 . The catalyst was also analyzed by x-ray diffraction 
to determine its crystalline structure. The results are shown in Table 5. 

Example 8 

• 20 Catalyst From The Precipitate Of The Slurry. Precipitate Dried By Air And Calcined Under Argon. Non-Flow 
Atmosphere. 

[0041] Five hundred seventy five g of the slurry from Example 5 was filtered through a fine filter paper to separate 
the solid from the mother liquor. The solid was dried under atmospheric pressure at ambient temperature, resulting in 

25 24 g of catalyst precursor. The catalyst precursor was calcined and prepared in the same manner as Example 1 Twelve 
g of the granules were packed into a 1.1 cm inside diameter stainless steel U-tube reactor for gas phase propane 
oxidation. The oxidation was conducted at a 390°C reactor bath temperature, a feed ratio of propane/air/steam of 
1/15/17, and a space velocity of 1,333 hr 1 . The effluent from the reactor was condensed to separate the liquid phase 
and the gas phase. The gas phase was analyzed by GC to determine the propane conversion. The liquid phase was 

30 also analyzed by GC for the yield of acrylic acid. The results are shown in Table 1 . The catalyst precursor was analyzed 
by ICP-AES for relative metal content. The results are shown in Table 3. The catalyst was analyzed by x-ray diffraction 
to determine its crystalline structure. The results are shown in Table 5. 

Example 9 

3S 

Catalyst From Mother Liquor of the Slurry, Mother Liquor Dried By Rotary Evaporation And Calcined Under Argon. 
Non-F io w A tmosphere. 

[004?] The mother liquor from Example 8 was dried by rotary evaporation in the same manner as Example 1 , resulting 
io in 62 g of solid catalyst precursor. Twenty g of the catalyst precursor was calcined and prepared in the same manner 
as Example 1. -Thirteen gof the granules were packed into a 1.1 cm inside diameter stainless steel U-tube reactor for 
gas phase propane oxidation. The oxidation was conducted at a 390°C reactor bath temperature, a feed ratio of pro- 
pane/a«.'/steam of 1/15/17, and a space velocity of 1,333 hr 1 . The effluent from the reactor was condensed to separate 
the liquid phase and the gas phase. The gas phase was analyzed by GC to determine the propane conversion. The 
4S liquid phase was also analyzed by GC for the yield of acrylic acid. The results are shown in Table 1. The precursor 
was analyzed by ICP-AES for relative metal content. The results are shown in Table 3. The catalyst was also analyzed 
by x-ray diffraction to determine its crystalline structure. The results are shown in Table 5. 

Example 10 

so 

Precursor Solution Dried By Rotary Evaporation And Calcined Under Argon. Non-Flow Atmosphere. 

[0043] Sixty-one grams of catalyst precursor was prepared in the same manner as Example 1. Twenty-five g of this 
solid was calcined under the same conditions as Example 1 to yield 17.7 g of solid. This solid was pressed in a mold 
ss and then broken and sieved to 10-20 mesh granules. Fourteen g of the granules were packed into a 1.1 cm inside 
diameter stainless steel U-tube reactor for gas phase propane oxidation. The oxidation was conducted with a reactor 
bath temperature of 390°C. a feed ratio of propane/air/steam of 1/1 5/1 3, and a space velocity of 1 , 1 6 1 hr 1 The effluent 
from the reactor was condensed to separate the liquid phase and the gas phase. The gas phase was analyzed by GC 



7 



